Introduction {#s1}
============

Animals reproducing sexually can be divided into hermaphroditic species, in which at least some individuals are capable of producing both male and female gametes, and gonochoristic species, in which individuals are either male or female. In gonochoristic species, gender is the result of genetic and/or environmental sex determination. Depending on the species, sex determination may be controlled by either of these mechanisms or interactions of the two. In eutherian mammals, sex determination is genetic and defined by the male heterogametic XX/XY system \[[@B1]\]. The XX/XY system is also found in many invertebrates and has been suggested as the ancestral mechanism of genetic sex determination \[[@B1]\]. A female heterogametic system (ZW/ZZ) of genetic sex determination is evident in birds \[[@B2]\], some species of teleost fish \[[@B3]\], as well as several invertebrates including schistosomes \[[@B4]\] and lepidopteran insects \[[@B5]\]. In addition, several other genetic sex determination mechanisms have been described in insects, including the X-autosome balance system (XX/X0), diverse XX/XY systems involving several Y chromosomes, and the haploid/diploid system, in which males are haploid and females are diploid \[[@B6]\].

With about 67,000 characterised species, crustaceans represent a large and diverse group of invertebrates. Crustaceans are ecologically and economically important, as they provide keystone species in many ecosystems, including important aquaculture and wild fishery species, with 62 crustacean species accounting for 9.6% of global aquaculture production of food fish in 2010 \[[@B7]\]. Moreover, some crustaceans are damaging parasites of farmed fish and shellfish, while others have been reported as invasive species \[[@B8]\]. Given the rich diversity of crustacean species, it is perhaps not surprising that a wide variety of reproductive strategies exist in this group \[[@B9]\]. While hermaphroditism and parthenogenesis occur in different crustacean classes, most crustaceans are gonochoristic \[[@B10]\], with both environmental and genetic sex determination having been reported in the taxon. In addition, parasitic factors causing feminisation exist in different crustacean classes \[[@B11],[@B12]\]. Early cytogenetic studies have provided evidence for a variety of male and female heterogametic systems in different crustacean taxa (reviewed in: Legrand et al) \[[@B9]\]. In penaeid shrimp (Decapoda) there is no evidence for environmental sex determination \[[@B13]\], and results from genetic mapping studies are in accordance with a female heterogametic (ZW/ZZ) system \[[@B14],[@B15]\]. The ZW/ZZ system has further been found in *Macrobrachium rosenbergii* (giant freshwater prawn, Decapoda) \[[@B16]\] and *Armadillidium vulgare* (woodlouse, Isopoda) \[[@B17]\].

The salmon louse, *Lepeophtheirus salmonis* (Krøyer, 1837), is an ectoparasitic siphonostomatoid copepod of the family Caligidae that occurs on marine salmonids and has emerged as a major problem in mariculture of Atlantic salmon, *Salmo salar* Linnaeus, 1758 in the Northern hemisphere. Global Atlantic salmon production was estimated at 1.4 million tonnes in 2010 with a value of US \$7.8 billion \[[@B18]\], while the cost of sea lice control was estimated in 2006 at US \$480 million \[[@B19]\]. A small number of effective antiparasitics are now available for the treatment of *L. salmonis*, with reports of variable degrees of resistance to most medicinal agents currently licensed for use in Atlantic salmon production \[[@B20]-[@B22]\]. This has prompted increased research into *L. salmonis* biology and the molecular mechanisms of resistance, to explore potential non-chemical based *L. salmonis* control methods that can be utilised as part of an Integrated Pest Management (IPM) strategy \[[@B23]\]. Improved knowledge of the mechanisms controlling sex determination may further our understanding of how this process could be manipulated to contribute to sea louse control. Sex ratios observed in wild or laboratory populations of mobile *L. salmonis* are influenced by environmental factors and farm management practices but are usually close to 1:1 \[[@B24]-[@B27]\], which is consistent with a genetic mechanism of sex determination. However, conclusive data on the nature and mechanism of sex determination in this species are currently lacking.

The aim of the present study was to test the hypothesis that sex determination in *L. salmonis* is genetic, through the identification of sex-linked genetic markers. To this end, DNA from adult male and female *L. salmonis* was subjected to restriction site-associated DNA (RAD) sequencing, a powerful technique allowing simultaneous discovery and genotyping of Single Nucleotide Polymorphisms (SNPs) \[[@B28]\]. With on-going progress in unravelling the *L. salmonis* genome by the salmon louse genome project \[<http://sealouse.imr.no/>\], it is hoped that the results of this study will contribute to advancing our current understanding of sex determination and sex differentiation in *L. salmonis*.

Materials and Methods {#s2}
=====================

Salmon louse strains {#s2.1}
--------------------

An *L. salmonis* laboratory-bred strain (S) that has previously been shown to be susceptible to all currently available anti-sea louse drugs \[[@B29]\] was used for RAD library preparation. Verification of SNP sex-association was performed using individuals from this strain and a further two unrelated laboratory-bred strains; an emamectin benzoate-resistant (PT) \[[@B29]\] and a strain recently established from a farm isolate (FI). These strains were founded from multiple individuals and have all been cultured under identical laboratory conditions, as described in detail elsewhere \[[@B29]\]. In brief, *L. salmonis* were maintained on Atlantic salmon with an initial weight of 500-1000 g in circular tanks supplied with fresh seawater at ambient temperature and salinity, using a photoperiod corresponding to natural day length. To propagate *L. salmonis*, egg strings were allowed to hatch and develop to copepodids, which were then used to inoculate a new tank of host fish. Prior to the collection of *L. salmonis* from hosts, fish were anaesthetised with 100 mg L^-1^ 2-phenoxyethanol. Infection rates were maintained at levels consistent with good fish welfare. All laboratory infections were carried out under UK Home Office licence and appropriate veterinary supervision \[[@B29]\].

Salmon louse selection {#s2.2}
----------------------

*L. salmonis* engage in complicated courtship behaviour between adult males and late preadult II stage females, which culminates in the formation of pre-copula pairs \[[@B25]\]. Copulation takes place soon after the female moults into the adult stage, and females retain spermatophores from the mating in order to fertilise egg strings produced over their lifetime \[[@B25]\]. Adult male and preadult female (n = 24) *L. salmonis* from the S strain were used for RAD library preparation. Preadult females were selected in preference to adult females to avoid the possibility of sample contamination with stored sperm. Adult female salmon lice were used for the verification of SNP sex association in strain FI, after genital segments had been removed to avoid male DNA contamination. Adult male and preadult female *L. salmonis* are approximately the same size (total length \~5.4 mm) but can easily be distinguished at these stages of development under low magnification microscopy, using common morphological features \[[@B26]\]. The abdomen of adult male salmon lice is shorter than females with an ovoid genital complex, whereas the preadult II female genital complex is larger with cuticular folds and distinct lobes, and a narrowing of the abdomen as it meets the genital complex. Similarly, adult females have larger genital complexes than males and also have a larger more developed genital segment in comparison to preadult II females \[[@B26]\].

RAD library preparation and sequencing {#s2.3}
--------------------------------------

Adult male and preadult female *L. salmonis* (n = 24) from the S strain were collected from anaesthetised host fish as described above and allowed to recover for two hours in aerated filtered seawater at ambient sea temperature. The *L. salmonis* were then preserved in ethanol prior to storage at 4°C. Genomic DNA was extracted from individual *L. salmonis* using the REAL-Pure genomic DNA extraction kit (Durviz S.L., Spain), including removal of residual RNA through RNase A treatment of the extracts. UV spectroscopy (NanoDrop ND-1000, Thermo Scientific, USA) was used to confirm purity of the DNA samples and establish concentrations, whereas high molecular weight (MW) DNA integrity was assessed by agarose gel electrophoresis and ethidium bromide staining. Each high MW DNA sample was then diluted to a concentration of 45 ng/µl in 5 mM Tris, pH 8.5. The RAD libraries were prepared as detailed previously \[[@B30]\] with minor modifications as detailed in Houston et al \[[@B31]\]. Sequence details for the P1 and P2 paired-end adapters and library amplification primers used in RAD library preparation are available elsewhere \[[@B32]\]. Briefly, 200 ng of each DNA sample was digested at 37°C for 45 minutes with 2 units of *Pst*I high fidelity restriction enzyme (recognising the CTGC\|AG motif) in a 10 µL reaction containing 1× Reaction Buffer 4 (New England Biolabs, UK). The reactions were then heat-inactivated at 80°C for 20 minutes. Each of the *Pst*I digested DNA samples were individually identified through the ligation of specific P1 adapters each containing a unique five base nucleotide barcode ([Table S1](#pone.0077832.s001){ref-type="supplementary-material"}), at 25°C for 30 minutes in a 12.5 µL reaction containing 100 nM P1 adapter, 200 units of T4 DNA Ligase, 1 mM rATP and 1× Reaction Buffer 2 (New England Biolabs, UK). Ligation reactions were heat inactivated at 65 °C for 20 minutes prior to combining them in four multiplexed libraries, each containing 12 salmon louse samples. Adaptive Focus Acoustics™ (AFA™) using the S220 High Performance Ultrasonicator (Covaris^®^ Inc., KBiosciences, UK.) was employed to randomly shear each RAD library pool to a size range of 150-700 bp. This sheared DNA was then column purified (PCR MinElute Kit, Qiagen) and size selected as previously described \[[@B31]\]. The RAD library construction protocol was then followed as published \[[@B28],[@B30]\]. The RAD library pools were PCR amplified using 15-16 cycles and 150 µL of each amplified library was column purified, size selected (300-550 bp) and quality checked as previously described \[[@B31]\]. The four RAD library pools were further quality checked and quantified by qPCR (KAPA Library) prior to sequencing on one lane of the Illumina HiSeq 2000 platform (v3 chemistry) using 100 bp paired-end reads (EBI Sequence Read Archive (SRA) study ERP002400). Raw sequence data were processed using RTA 1.12.4.2 and Casava 1.6 (Illumina). RAD library qualitative and quantitative checks, Illumina sequencing and processing of raw sequence reads were performed at The GenePool Genomics Facility (University of Edinburgh, UK).

Genotyping RAD alleles {#s2.4}
----------------------

Sequence reads with low quality scores (quality index score under 30, while the average quality score was 37), missing the restriction site or those with ambiguous barcodes (with more than one mismatch) were discarded from the sequence set. All the remaining sequence reads were then sorted into loci and genotyped, using the Stacks software 0.9995 \[[@B33]\]. The likelihood-based SNP calling algorithm \[[@B34]\] implemented in Stacks evaluated each nucleotide position for every RAD-tag from all individual samples, thereby differentiating true SNPs from sequencing errors. The processing parameters used in Stacks included; a minimum stack depth of at least 30 sequences, a maximum of 2 mismatches in each locus for each individual and up to 1 mismatch between alleles. The paired-end reads were assembled using both Stacks and Velvet (version 1.2.08) software \[[@B35]\], which were used to separate RAD-tag sequences, with or without potential SNPs, but belonging to separate candidate loci.

SNP sex-association {#s2.5}
-------------------

The genetic association of *L. salmonis* phenotypic sex with RAD marker alleles was carried out by counting the number of times each allele was associated with a particular sex. These counts were compared to an ideal scenario where each allele would be specific to a sex.

Verification of SNP sex-association {#s2.6}
-----------------------------------

An additional twelve adult male and twelve preadult female *L. salmonis* per strain were sampled from strains S and PT and preserved in ethanol as detailed above. Similarly, twelve adult male and adult female *L. salmonis* were sampled from strain FI. Genomic DNA was extracted from each *L. salmonis* individual using the REAL-Pure genomic DNA extraction kit (Durviz S.L., Spain), quality checked and diluted as detailed above (45 ng/µL in 5 mM Tris, pH 8.5). SNP marker sex-association was verified using an allele specific PCR genotyping assay (KASP^TM^ v4.0, LGC Genomics, UK). SNP-specific primers were designed by LGC Genomics using sequence flanking RAD-marker *Lsa*101901 ([Table S2](#pone.0077832.s002){ref-type="supplementary-material"}). For each of the three strains, twelve male and twelve female samples were genotyped in duplicate 10 µL reactions each containing approximately 40 ng template DNA, using the following amplification conditions: 94°C for 15 minutes followed by 35 cycles of 94°C for 20 seconds then touch-down cycles over 61-55°C for 60 seconds (dropping 0.6°C per cycle). Individual *L. salmonis* genotype assignment was performed through reading the fluorescence emission of the FAM and CAL Fluor Orange 560 fluorophores for each sample, in comparison to no-template control reactions, using endpoint genotyping software and the Quantica qPCR thermal cycler (Bibby Scientific, UK).

RT-qPCR analysis of prohibitin-2 expression {#s2.7}
-------------------------------------------

The mRNA abundance of the prohibitin-2 gene was determined in adult male (n = 10) and female (n = 8) drug susceptible (S) *L. salmonis* by reverse transcription quantitative PCR (RT-qPCR), using relative quantification with two reference genes that had shown stable expression levels in previous experiments (Hypoxanthine-guanine phosphoribosyltransferase (HGPRT) and Required for meiotic nuclear division 5 (RMD-5) homolog) (unpublished data). Primers were designed for these three genes with melting temperatures (T~m~) of \~60°C using Primer 3 software ([Table S3](#pone.0077832.s003){ref-type="supplementary-material"}). Adult male and female salmon lice were collected from anaesthetised host fish as described above and allowed to recover for 2 hours in aerated filtered seawater at ambient sea temperature and then preserved in an RNA stabilisation solution (4.54M ammonium sulphate, 25mM trisodium citrate, 20mM EDTA, pH 5.4) prior to storage at -70°C. Individual frozen salmon lice were ground in liquid nitrogen using a pestle and mortar, and total RNA was immediately extracted from the homogenised sample using TRI Reagent^®^ (Sigma-Aldrich, UK), following the manufacturers' protocol. After phase separation, RNA was precipitated from the aqueous phase by addition of 0.25 volumes isopropanol and 0.25 volumes of a high salt buffer (0.8 M trisodium citrate; 1.2 M sodium chloride), as recommended for samples with high polysaccharide content \[[@B36]\]. The total RNA was resuspended in nuclease-free water. UV spectroscopy (NanoDrop ND-1000, Thermo Scientific, USA) was used to confirm purity of the RNA samples and establish concentrations, whereas RNA quality was assessed by agarose gel electrophoresis and ethidium bromide staining. Aliquots (1 µg) of total RNA from adult male or female *L. salmonis* were reverse transcribed (Superscript III, Invitrogen, UK) using random hexamers and anchored oligo-dT in a 3:1 molar ratio. No-template controls and controls omitting RT enzyme were included on each assay plate to detect potential DNA contamination. A cDNA pool containing equal amounts of all samples was made and included on each assay plate at different dilutions to allow the derivation of a standard curve. RT-qPCR reactions were performed in duplicate in a total volume of 20 µL containing 5 µL sample cDNA (20-fold dilution), 0.3 µM of each primer and 10 µL Absolute SYBR Green I mix (ThermoFisher Scientific, UK), using the Mastercycler ep realplex^2^ (Eppendorf, UK) with the following amplification conditions: 95°C for 15 minutes, followed by 40 cycles of 94°C for 30 seconds, 55°C for 15 seconds and 72°C for 30 seconds. After amplification a melt curve from 55°C to 95°C at 0.5°C increments for 15 seconds each was performed to ensure that a single product was amplified in each reaction. Threshold cycles were analysed using the PCR cycler software. Standard curves were derived from plots of the threshold cycle against the logarithm of the relative concentration of cDNA pool. Primer efficiency (E) was derived from linear fits to the standard curve according to the equation E = 10^(-1/slope)^. The BestKeeper tool \[[@B37]\] was employed to analyse expression stability of two reference genes and determine a robust BestKeeper expression index as a geometric mean for the two reference genes, which was in turn used to establish relative gene expression ratios using the ΔΔCt method (Ratio = (E~target~) ^ΔCt\ target\ (control\ --\ sample)^ / (E~reference~) ^ΔCt\ reference\ (control\ --\ sample)^) in the Relative Expression Software Tool (REST) Multiple Condition Solver (MCS) software \[[@B38]\].

Relative expression ratios from RT-qPCR analysis were compared between male and female *L. salmonis* using the non-parametric Mann-Whitney test as implemented in the Minitab 16.1 software package (Minitab Inc., UK). The significance level was set at p\<0.05.

Ethics statement {#s2.8}
----------------

All experimental research reported in this study was performed in accordance with the U.K. Home Office regulations regarding the use of animals in experiments and testing (Project license: 60/3848) and was approved by the University of Stirling Research Ethics Committee.

Results {#s3}
=======

RAD sequencing {#s3.1}
--------------

DNA from each of 12 male and 12 female individuals from the drug susceptible (S) laboratory-maintained *L. salmonis* strain \[[@B29]\] was used to generate multiplexed *Pst*I RAD libraries and sequenced at high depth using the Illumina HiSeq 2000 platform. In total, 98,975,012 raw reads (100 nt long) were produced, that comprised 49,487,506 paired-end reads (EBI Sequence Read Archive (SRA) study ERP002400). After removal of low quality sequence reads (quality index score under 30), sequences with ambiguous barcodes and orphaned paired-end reads, 85.9% of the raw reads were retained (85,033,174 reads). The Stacks package \[[@B33]\] was then used to assemble loci (RAD-tags) for each individual, which produced 281,838 unique RAD-tags ([Figure 1](#pone-0077832-g001){ref-type="fig"}). The raw sequence read count and RAD-tag count for each sample are reported in [Table S1](#pone.0077832.s001){ref-type="supplementary-material"}.

![*L. salmonis* RAD sequencing and polymorphic marker identification.\
RAD-seq technology was employed to genotype 24 individuals from a drug susceptible (S) laboratory-maintained *L. salmonis* strain. This produced 98,975,012 raw sequence reads that comprised 49,487,506 paired-end reads although after filtering 85,033,174 raw sequence reads remained that produced 281,838 paired-end RAD markers. 31,555 of these polymorphic markers were poly-allelic and present in at least 75% of the individuals analysed.](pone.0077832.g001){#pone-0077832-g001}

SNP sex-association {#s3.2}
-------------------

Initial analysis of read number for the 281,838 RAD-tags did not reveal any sex-specific markers (i.e. present in only one of the sexes). To maximise the number of informative markers and minimise the amount of missing or erroneous data, we then used only paired-end RAD-tags retrieved from at least 75% of the samples in each gender group, which resulted in the retention of 85,560 RAD-tags ([Figure 1](#pone-0077832-g001){ref-type="fig"}). Analysis of this filtered set of markers did not reveal any RAD-tags with twice the coverage in one gender compared to the other. Further analysis revealed that 31,555 of these RAD-tags were polymorphic (containing 1 or 2 SNPs), of which 24,538 were bi-allelic ([Figure 1](#pone-0077832-g001){ref-type="fig"}). The genetic association of polymorphic markers with sex was performed by direct comparison of each allele with the phenotypic sex of the individual. The results were then ranked in order, from maximum (complete separation between male and female) to minimum association (not significantly different from random association). Evaluation of the 24,538 bi-allelic markers identified only one marker that exhibited complete association with gender, with all samples having a heterozygous female (allele 'G' and 'T') or homozygous male (allele 'G' only) genotype (*Lsa*101901; NCBI dbSNP Accession: 749737482; [Table S2](#pone.0077832.s002){ref-type="supplementary-material"}). The mean read number at this locus was 29 reads; female heterozygous alleles showed a mean read number of 14.5 each, whereas the male homozygous allele had 29 reads.

Verification of sex association {#s3.3}
-------------------------------

The association of marker *Lsa*101901 to phenotypic sex was further investigated using an allele specific PCR genotyping assay (KASP^TM^, LGC Genomics, UK). Individuals genotyped for the marker first included 12 male and 12 female lice from strain S that were unrelated to the *L. salmonis* used to generate the RAD library. Twelve males and 12 females from each of two further laboratory maintained *L. salmonis* strains PT and FI were also analysed. In all tested individuals, a complete association of the marker with phenotypic sex was observed, with females being heterozygous (G/T) and males homozygous (G/G) ([Figure 2A](#pone-0077832-g002){ref-type="fig"}).

![Analysis of prohibitin-2 in male and female *L. salmonis*.\
(**A**) Genotyping using the allele specific KASP assay. A total of 72 individuals (36 male and 36 female) from three unrelated *L. salmonis* strains (S, PT and FI) were genotyped using an allele specific PCR assay (KASP^TM^, LGC Genomics, UK). Individual *L. salmonis* genotype assignment was performed through reading the fluorescence emission of the FAM (Allele 1) and CAL Fluor Orange 560 (Allele 2) fluorophores for each sample, in comparison to no-template control reactions. The results of this PCR genotyping assay confirmed complete association of SNP genotype with *L. salmonis* sex as identified by RAD-seq analysis. (**B**) Differential expression of prohibitin-2. Relative prohibitin-2 expression (AVG ± SD) is shown for adult female (n = 8) and adult male (n = 10) *L. salmonis* from the drug susceptible (S) laboratory-maintained strain. The prohibitin-2 expression differed significantly between *L. salmonis* males and females (p = 0.0117, Mann-Whitney test).](pone.0077832.g002){#pone-0077832-g002}

SNP marker localisation {#s3.4}
-----------------------

The 218 bp marker sequence containing the *Lsa*101901 sex-linked SNP was used as a query in a nucleotide BLAST (Basic Local Alignment Search Tool) search against the non-redundant nucleotides (nr) database available in GenBank at the National Centre for Biotechnology Information (NCBI). The marker sequence containing SNP *Lsa*101901 was identical to *L. salmonis* putative prohibitin-2 sequence (Accession BT121810.1, BLASTn e-value 2×10^-109^). The SNP in marker *Lsa*101901 was found to be a synonymous polymorphism within the coding region of the prohibitin-2 gene. A BLASTx search against the NCBI Reference Proteins (refseq_protein) database further established the identity of the marker-containing sequence, as it showed a high similarity to a prohibitin-2-like protein (Accession XP003746427.1) from *Metaseiulus occidentalis* (Western predatory mite): 88% identity across the whole sequence (BLASTx e-value 2×10^-37^). The two *Lsa*101901 marker allele sequences were also identified in EST sequences (100% query coverage) from Canadian and Norwegian Atlantic *L. salmonis* populations in addition to the Pacific population, using a BLASTn search against the NCBI EST database ([Table 1](#pone-0077832-t001){ref-type="table"}).

10.1371/journal.pone.0077832.t001

###### Identification of *L. salmonis* EST sequences representing marker *Lsa*101901 alleles.

  *L. salmonis* population   Allele   EST Accession
  -------------------------- -------- ------------------------
  Atlantic Norway            G        GW663052.1
  Atlantic Norway            T        HO677162.1
  Atlantic Canada            G        GW644163.1
  Atlantic Canada            T        GW642628.1, GW642629.1
  Pacific                    G        FK914464.1, EX486009.1
  Pacific                    T        FK913245.1, FK913246.1

Gene expression analysis of prohibitin-2 {#s3.5}
----------------------------------------

RT-qPCR analysis demonstrated that the marker sequence, containing the SNP *Lsa*101901 and annotated as *L. salmonis* prohibitin-2, was significantly differentially expressed (p = 0.0117, Mann-Whitney test) between male (n = 10) and female (n = 8) *L. salmonis* from a drug susceptible laboratory-maintained strain ([Figure 2B](#pone-0077832-g002){ref-type="fig"}). Relative expression analysis found that adult female *L. salmonis* expressed 1.8 fold more prohibitin-2 mRNA compared to adult males from this strain.

Discussion {#s4}
==========

In the present study a SNP marker has been identified in *L. salmonis* that showed complete association with sex in 96 genotyped individuals from three different strains. The results strongly suggest that sex determination in *L. salmonis* is genetic, and provide evidence for a female heterogametic ZW/ZZ system. Effects of environmental factors on sex determination have been described for a number of free-living and parasitic copepods \[[@B39],[@B40]\]. However, sex ratios close to 1:1 have been observed in laboratory studies with *L. salmonis* \[[@B26],[@B27]\], which is in accordance with this study's suggestion of a genetic sex determination mechanism.

Cytogenetic investigations and studies of sex-linked marker heritability have suggested diverse systems of genetic sex determination in crustaceans, with the most common ones being based on male (XX/XY) or female heterogamety (ZW/ZZ) (reviewed in: Legrand et al) \[[@B9]\]. In decapods, genetic linkage maps have provided evidence for ZW/ZZ systems in a number of penaeid shrimps and a freshwater prawn \[[@B14],[@B15],[@B41]\], whereas cytogenetic studies have suggested male heterogametic systems (XX/XY or X0/XX) in brachyuran crabs (reviewed in: Lecher et al) \[[@B42]\]. Cytogenetic data further provide evidence for the presence of both male and female heterogametic sex determination systems among Copepoda (reviewed in: Legrand et al) \[[@B9]\]. The available data thus illustrate that mechanisms of sex determination are not conserved among crustaceans, which parallels the situation in insects \[[@B6]\]. Interestingly, the divergent sex determination systems of insects share an evolutionarily conserved pathway involving the *transformer* gene and its downstream target *doublesex*, but differ with respect to an upstream switching mechanism \[[@B6]\]. Homologues to the sex determination-related insect genes *fruitless*, *sex lethal* and *transformer* \[[@B43]\] have been reported from *Penaeus monodon* (giant tiger prawn) \[[@B44]\] and *Macrobrachium nipponense* (oriental river shrimp) \[[@B45]\]. Moreover, a homologue of *doublesex* has been shown to be involved in environmental sex determination in the branchiopod *Daphnia magna* \[[@B46]\]. Together, this suggests that molecular pathways of sex determination are partially conserved between insects and crustaceans.

Relatively little is known concerning sex differentiation and its endocrine control in crustaceans, and most available data have been obtained on decapods (reviewed in: Rodriguez et al) \[[@B47]\]. In this group, the default route of sexual development is female. Male sexual differentiation requires the presence of a male endocrine organ called the androgenic gland that produces an insulin-like factor controlling testis function \[[@B41]\]. Activity of the androgenic gland in males and ovaries in females is negatively controlled by the gonad-inhibiting hormone (GIH) and positively controlled by the gonad-stimulating hormone (GSH) \[[@B47]\]. Further hormones with roles in crustacean reproduction include methyl farnesoate, which is homologous to the juvenile hormones controlling metamorphosis in insects. Methyl farnesoate stimulates ovarian growth in decapods \[[@B48]\], and induces the production of male offspring in cladocerans \[[@B49]\]. Ecdysteroids are insect and crustacean hormones regulating the moulting process (ecdysis), and have been shown to stimulate ovarian growth in some crustaceans \[[@B46]\]. Exposure to the ecdysteroid 20-hydroxyecdysone increased the number of male offspring in the branchiopod *Daphnia pulex* (Water flea) and the copepod *Tisbe battagliai* \[[@B50],[@B51]\]. Some studies have further suggested roles for steroids in crustacean reproduction; however, the precise identity and function of steroid hormones in crustaceans is still unknown \[[@B47],[@B52]\].

In the present study, a sex-linked SNP marker was isolated in *L. salmonis* and was shown to correspond to a synonymous polymorphism in a gene encoding a homologue to prohibitin-2. Prohibitin-2 and the related prohibitin-1 are highly conserved ubiquitous eukaryotic proteins found in the mitochondria, where they have been suggested to function as chaperone proteins \[[@B53]\]. Prohibitins are also found in the nucleus, where they may regulate gene expression through interaction with a wide variety of transcription factors including steroid receptors. Prohibitin-2, also known as repressor of oestrogen receptor activity (REA), binds directly to the oestrogen receptor (ER), acting as a negative co-regulator of transcriptional activity \[[@B54]\]. In targeted gene disruption studies with mice, the homozygous null mutation of prohibitin-2 was lethal, whereas in heterozygous knockouts increased physiological responses to oestrogens were observed in females, but not males \[[@B55]\]. Gene disruption studies in the nematode *Caenorhabditis elegans* further provide evidence for roles of prohibitin-1 in gametogenesis \[[@B56]\]. A study of a prohibitin homologue in *Eriocheir sinensis* (Chinese mitten crab) suggested a role in spermatogenesis \[[@B57]\], whereas an investigation in *P. monodon* demonstrated prohibitin-2 mRNA expression in both male and female gonads \[[@B44]\]. In summary, published studies provide some evidence for sex-specific roles of prohibitins, which is in accordance with this study's finding of significantly higher mRNA levels of a prohibitin-2 homologue in adult female when compared to adult male *L. salmonis*. However, no evidence exists for a role for prohibitins in sex determination and/or sex differentiation. Following from these findings, it is clear that further research will be required to elucidate the nature of the molecular determinant(s) of sex determination in *L. salmonis* and to clarify the relationships that such determinants may have to the SNP marker reported in this study.

Conclusions {#s5}
===========

A novel sex-linked SNP marker showing complete association with sex has been identified in the salmon louse. The data suggest a genetic mechanism of sex determination in *L. salmonis* based on female heterozygosity. The SNP marker represents a synonymous polymorphism in a prohibitin-2 homologue, however, the functional relationship of prohibitin-2 to sex determination remains uncertain. These findings contribute towards an improved understanding of sex determination in sea lice and may serve to help develop improved control strategies for this species.
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**Multiplex barcode assignment and RAD-tag identification for individual samples.** Unique five base nucleotide barcodes were assigned to each *L. salmonis* DNA sample. These samples were included in a multiplex RAD library and sequenced, which generated sequence reads that were quality filtered and used for the identification of paired-end RAD-tags in at least 75% of the samples.
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***L. salmonis* SNP marker and KASP assay primer sequences.** Two SNP alleles and RAD-tag allele sequences that were identified as the SNP marker *Lsa101901* are detailed, along with the allele specific primers and common primer designed for the allele specific PCR genotyping assay (KASP^TM^, LGC Genomics, UK).
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**Primers used for RT-qPCR analysis of prohibitin-2 expression in male and female adult *L. salmonis*.**
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Click here for additional data file.
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